The small multidrug transporter from Escherichia coli, EmrE, couples the energetically uphill extrusion of hydrophobic cations out of the cell to the transport of two protons down their electrochemical gradient. Although principal mechanistic elements of proton/substrate antiport have been described, the structural record is limited to the conformation of the substrate-bound state, which has been shown to undergo isoenergetic alternating access. A central but missing link in the structure/mechanism relationship is a description of the protonbound state, which is an obligatory intermediate in the transport cycle. Here we report a systematic spin labeling and double electron electron resonance (DEER) study that uncovers the conformational changes of EmrE subsequent to protonation of critical acidic residues in the context of a global description of ligand-induced structural rearrangements. We find that protonation of E14 leads to extensive rotation and tilt of transmembrane helices 1-3 in conjunction with repacking of loops, conformational changes that alter the coordination of the bound substrate and modulate its access to the binding site from the lipid bilayer. The transport model that emerges from our data posits a proton-bound, but occluded, resting state. Substrate binding from the inner leaflet of the bilayer releases the protons and triggers alternating access between inward-and outward-facing conformations of the substrate-loaded transporter, thus enabling antiport without dissipation of the proton gradient.
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EmrE | SMR | EPR | DEER | multidrug transport P owered by the proton electrochemical gradient across the inner membrane of prokaryotes, small multidrug resistance (SMR) transporters extrude a spectrum of cytotoxic molecules that are primarily hydrophobic cations (1) . The functional unit is typically a homodimer wherein each protomer consists of four hydrophobic transmembrane helices (TM). TM1-3 cradle a substrate binding pocket, whereas TM4 is involved in the contacts that stabilize the dimer. EmrE, the SMR transporter from Escherichia coli, has been a focal point of structural, spectroscopic, and mechanistic investigations (2) (3) (4) (5) (6) (7) . Seminal work from the Schuldiner laboratory over the last two decades has unlocked mechanistic principles of substrate-ionantiport (1, (8) (9) (10) . EmrE binds hydrophobic substrates in a membrane-embedded chamber coordinated by glutamate 14 (E14), an absolutely conserved, membrane-embedded, acidic residue in the middle of TM1. Coupling between substrate and proton arises from the principle of mutual exclusion between the two ligands at the binding site (8, 10) .
In contrast to the elaborate understanding of the EmrE antiport mechanism, the conformational changes that enable binding and release of ligands have not been elucidated. Although the general framework of antiport is presumed to follow the principles of alternating access, the only structure available is of EmrE bound to the substrate tetraphenylphosphonium (TPP) (3) . EM analysis of 2D crystals established an antiparallel orientation of the protomers in the dimer (2) . This was later confirmed by the corrected crystal structure of TPP-bound EmrE trapped in an asymmetric state with an opening on one side of the transporter (3). This asymmetry arises from distinct conformations of each protomer in the dimer. Fleishman et al. (11) independently modeled EmrE on the basis of the EM structure and postulated the elegant notion that isomerization of the two protomers between the two conformations drives alternating access of the substrate-loaded transporter. Indeed solution NMR studies confirmed the isomerization of TPP-bound EmrE in bicelles and enabled the measurement of the time scale of the exchange between inward-and outward-facing states (6) . Structurally, the inward-and outward-facing states of the dimer are related by a 180°rotation around an axis parallel to the plane of the membrane; that is, they are identical except for their orientations in the membrane.
In addition to alternating access of the substrate-bound EmrE, transport requires the protonation/deprotonation of E14 in the context of proton translocation from the extracellular milieu (8) . It is typically assumed that the protonated intermediate has a similar structure to substrate-bound EmrE and undergoes isomerization by the isoenergetic exchange of the two protomers between two conformations (12) . However, this model has not been challenged experimentally, and the structures of the protonated and apo states have not been determined. Thus, critical steps in the transport cycle remain structurally and dynamically unexplored.
To illuminate the structural and dynamic aspects of protonation in the transport mechanism, we present a global perspective on the ligand-induced conformational changes of EmrE. A systematic analysis of distances and distance changes between spin labels, sitespecifically introduced across the dimer, reveals distinct structural rearrangements associated with protonation and substrate binding. These rearrangements reconfigure the backbone and side-chain orientations in the substrate binding chamber as well as modulate access to the bilayer. Protonation-induced movements are primarily dependent on E14, although residues E25 and D84 appear to influence the local conformation particularly in TM3, suggesting a departure from rigid body movement of the protomer. When Significance Small multidrug resistance (SMR) transporters play an important role in the protection of prokaryotes from cytotoxic molecules. They exploit the proton electrochemical gradient to drive the transport of these molecules out of the cell against their concentration gradient. This work investigated how binding of protons power the conformational changes that enable substrate binding and subsequent alternating access of the Escherichia coli SMR transporter EmrE. The results show that protonation induces large-scale reconfiguration of the structure, including helical rotation and tilt and repacking of loops. A highly conserved charged residue primarily accounts for proton sensing, but other acidic residues control local structures. Our findings stimulate a structural model of transport, offering a novel perspective on protoncoupled multidrug transport. integrated into the current biochemical and structural framework, these results provide a novel model of coupled transport by EmrE.
Results
General Methodology. To investigate the EmrE structure under ligand conditions that are expected to promote transition between transport intermediates, we used our library of cysteine mutants (5), spanning almost the entire sequence of EmrE, to introduce single spin labels into the monomer leading to a doubly labeled dimer. Spin-labeled mutants, which did not show significant structural and functional perturbation in previous assays (5), were analyzed by Q-band (33.9 GHz) double electron electron resonance [DEER; also called pulsed electron-electron double resonance (PELDOR)] spectroscopy (13) (14) (15) . Distance distributions were determined in n-dodecyl-β-D-maltopyranoside (β-DDM) detergent micelles, which maintain the structural and functional integrity of EmrE (16) . The simplest model of EmrE transport satisfying energetics and coupling considerations entails at least three distinct intermediates: substrate-bound, proton-bound, and ligand-free or apo. It is likely that the apo state is only transiently populated, considering the high concentration of protons on the extracellular side and the obligatory exchange between protons and substrate (10) . Therefore, DEER measurements were carried out at pH 5 to mimic the acidic environment of the periplasm and protonate acidic residues, at pH 8 to mimic the relatively higher pH of the cytoplasm and promote deprotonation, and at pH 8 in the presence of excess TPP to trap the substrate-bound conformation. For a limited number of mutants, we confirmed our interpretation in lipid bilayers through reconstitution of EmrE into nanodiscs.
Substrate Binding and Protonation Induce Distinct Conformations of
EmrE. The DEER dataset (Figs. 1 and 2 and SI Appendix 1) was transformed into distance distributions characterizing the spatial relationships between pairs of TMs in the dimer as described in Methods. Overall, the distributions reveal a number of trends consistent with three distinct conformations corresponding to the protonbound, substrate-bound, and apo EmrE intermediates. First, we observed changes in the average distances as well as the width of the distributions between the three conditions, unequivocally demonstrating extensive conformational rearrangements ( Fig. 1 and SI Appendix 1). Second, the shape of these distributions suggests that the TPP-bound state is ordered in stark contrast with the highly dynamic apo state. Specifically, we observed broad distributions in TM1-3 at pH 8. At a number of sites, the shape of the distributions and the changes induced by different ligand conditions suggested equilibrium between multiple states. Finally, there are extensive, ligand-dependent rearrangements in the structure of the loops (L1-L4; Fig. 2 and SI Appendix 1), particularly L1 and L3 connecting TM1 and 2 and TM3 and 4, respectively, suggesting an important role for these segments in the mechanism of transport (17, 18) . Notably, binding of substrate increases order in these loops, whereas protonation/deprotonation typically leads to broad distance distributions (Fig. 2) .
To provide a global perspective on the structural rearrangements, we plotted the change in the distance as a function of residue number ( Fig. 3 and Fig. S1 ). This is necessarily an oversimplification, as many distributions particularly for the apo conformation are broad and cannot be rigorously characterized by a unique distance (see Fig. S1 ). Nevertheless, this representation allows the qualitative visualization of the regions of conformational changes, thereby identifying a complex web of structural rearrangements focused on TM1-3 and the loops as highlighted by the width of the ribbon representation of EmrE in Fig. 3 . The TPP-Bound Conformation. Because the current structural data are exclusively for the TPP-bound state, we will consider it as a reference for the purpose of interpreting the distance distributions in a structural context. Previous work from our laboratory provided a complete view of the accessibility and mobility profile of spin labels in this state (5) . The data pointed to extensive disagreement between the crystal structure and the conformation in liposomes.
The nature of these disagreements and the low resolution of the structure lead to the conclusion that there are substantial issues with the orientation of helices in the crystal structure (5) .
The isomerization between inward-and outward-facing conformations detected by NMR is not expected to lead to changes in the distance distributions, as the packing of the two protomers in the asymmetric dimer is identical (6) . Therefore, we compared the experimental distances to those predicted from the crystal structure and found discrepancies that extend across the entire structure (Fig.  S2) , further confirming the conclusion deduced from the accessibility and mobility analysis regarding the accuracy of the structure. Nevertheless, the crystal structure [Protein Data Bank (PDB) ID code 3B5D] is presented in the figures to provide a general reference for the location of the labels. A model of the TPP-bound conformation, refined to agree with the experimental distances, is presented in Discussion.
Conformational Changes Induced by Protonation. Comparison of the pH 5 and TPP-bound distance distributions reveals extensive structural changes upon protonation. These are primarily observed at residues in TM1 and 3, which are directly involved in substrate binding, and TM2, which borders the bilayer. In contrast, minor rearrangements along the interface of TM4 are reported by the spin labels. Large changes in the average distances and the width of the distance distributions are observed along the N-terminal part of TM1 (residues 8-15; SI Appendix 1, A and B), with the largest changes occurring at sites with restricted mobility previously assigned to helix/helix interfaces (i.e., residues 11 and 15) (19) . Therefore, we interpret these distance changes as reflecting a degree of rotation rather than a simple tilt of the helices. Rotation is expected to alter spin label mobility at helical interfaces and consequently lead to large distance changes due to the repacking of spin label side chains. In contrast, helix tilt would be expected to yield smaller amplitude distance changes and to be observed concurrently at lipid-facing sites.
Conformational changes at pH 5 include the C-terminal end of TM1 predominantly in the form of helix tilt. The different nature of rearrangements along the two segments of TM1 presumably necessitates a hinge point or an unwinding in the helix. Consistent with this conclusion, the distance distributions at 12 and 13 are broad, suggesting flexibility of the backbone (SI Appendix 1, B) .
Large amplitude distance changes are observed in loop 1 (Figs. 2 and 3 and SI Appendix 1, C and D), indicating extensive liganddependent repacking. Although the exact nature of the underlying structural rearrangements is difficult to infer from the data, they suggest that the loop plays a central role in the occlusion/exposure of the substrate binding site. Notable is residue 27, where a short distance component is observed in the apo and in the TPP-bound state, whereas the pH 5 distribution suggests a highly disordered conformation. The penetration of this residue toward the binding site, implied by the short distance component, presumably stabilizes the bound substrate.
The N-terminal segment of TM2, consisting of residues 31-35, undergoes a closing motion upon protonation, evidenced by the shift in the average distance ( Fig. 1 and SI Appendix 1, D and E) . A residue-by-residue analysis of the 37-44 stretch is hindered by the close proximity of spin labels (13) (<20 Å; SI Appendix 1, E). However, the distributions at sites 41 and 42, where DEER decays can be analyzed, show the persistence of the closing trend. This movement is attenuated near the end of the helix, although changes in the distance distributions are detected at residues 48 and 49 ( Fig. 1 and SI Appendix 1, F) . As TM2 merges into loop 2, we observed evidence of ligand-induced changes in order, manifested by large changes in the width of the distributions at residues 50 and 51 (SI Appendix 1, F).
Except for residues 52 and 53, most residues in loop 2 were characterized by broad distributions, indicating a highly dynamic backbone (Figs. 2 and 3 and SI Appendix 1, G) . The distributions consist of a well-defined component and a broad underlying component, which we interpret as reflecting the existence of one conformation wherein the loop backbone is rigid. This conformation is stabilized by ligand binding and is reduced in the apo intermediate.
The N terminus of TM3 is in direct contact with the bound substrate in the crystal structure. Moreover, previous mutagenesis studies implicated residues in this helix in substrate binding (20) . Distributions at residues 62 and 68 and continuous wave (CW)-EPR spectrum at residue 64 suggest that the N-terminal part of TM3 undergoes repacking between proton-and TPP-bound states, but a quantitative interpretation is hindered by the broad distributions and the close distances ( Fig. 1 and SI Appendix 1, H) . Beginning at residue 71, protonation invariably leads to a distinct short distance component not observed in the TPP-bound state, suggesting a closing movement in this region of the transporter ( Fig. 1 and SI Appendix 1, I ). This movement is likely facilitated by the GVG motif in TM3, which displays changes in its dynamics in the absence of substrate (5, 21) .
The conformational changes at the C-terminal half of TM3 propagates to the loop, linking it to TM4 (Figs. 2 and 3 and SI Appendix 1, J). Remarkably, we observed distinct evidence of short components in the pH 5 state (e.g., W76, Q81, R82, and D84) that imply a large-scale closing movement of the loop indicative of an occlusion of the substrate binding cavity in the absence of substrate.
Although noticeable ligand-induced changes in the distributions are observed at several sites in TM4 ( Fig. 1 and SI Appendix 1, K and L), they are generally smaller in magnitude and no discernable pattern was evident from comparison of changes at successive sites. Given that this TM is involved in dimer formation, it is not unexpected that the rearrangements at TM1 and 3 necessitate repacking at the dimer interface.
The Apo State. The profile of the apo state that emerges from the distributions at pH 8 is that of a highly dynamic conformation ( Fig.  S1 and SI Appendix 1). Broad distributions indicative of conformational sampling are observed along the N-terminal parts of TM1 and 3 as well as in the loops (Fig. 2 and SI Appendix 1, A, B , G, and H). However, there are notable exceptions that occur at functionally important residues. Specifically, the apo state distributions at residues 14 and 18 (SI Appendix 1, B) are narrower than in the ligand-bound state, suggesting that the substrate binding site may become occluded in the absence of ligands.
Unexpected short distance components at residues in loop 3 ( Fig. 2 and SI Appendix 1, I and J) are indicative of a large amplitude excursion for this segment, which would be at either side of the membrane in an antiparallel structure. Such movement may be associated with an occlusion of the substrate binding region near TM3 similar to what is observed at pH 5. These results rationalize previous accessibility data that revealed simultaneous large exposure of spin labels in loop 3 to nickel(II)-ethylenediamine-N,N′-diacetic acid (NiEDDA) and molecular oxygen (5). -d pH5 ) . The absolute value of the change in the distance between the two states is displayed by the ribbon thickness on the TPP-bound crystal structure. Residues with positive and negative distance change are colored blue and red, respectively. Unchanged residues and those where no data were obtained are colored white. See SI Methods for more details (Fig. S1 ).
Conformational Dynamics in Lipid Bilayers. To investigate ligandinduced conformational changes in lipid bilayers, we carried out DEER measurements on representative spin-labeled EmrE mutants that have been reconstituted in lipid nanodiscs (Fig. 4 and SI Appendix 2). Comparison of the distance distributions demonstrates pH-and substrate-dependent rearrangements along the same structural elements as in detergents. More importantly, the sign of the distance changes is identical in detergent micelles and lipid bilayers, suggesting that similar conformations are stabilized by protonation and substrate binding in the two environments. However, we found that, for the majority of the residues investigated, the width of the distributions was narrower in lipid bilayers, indicating a more ordered/less dynamic structure. These were particularly notable for residues in the center of TM1 and 2 and the C-terminal part of TM3 (e.g., residue 12 in TM1; Fig. 4 and SI Appendix 2, A  and B) . In contrast, reconstitution in lipid bilayers either did not affect the disorder of the loops or, more notably, promoted fluctuations by loop 3, as evident by the increase in the population of the short component at residue 76 (Fig. 4 and SI Appendix 2) .
The Proton Sensor of EmrE. We determined the pK a of the conformational transition of ligand-free EmrE using G26 as a reporter ( Fig. 5 and Fig. S3 ). A titration curve was constructed by determination of the amplitudes of the distance components in the pH 5-10 range. pK a values of ∼7.7 and 7.4 were obtained in detergent micelles and lipid bilayers, respectively, indicating that the environment of E14 was not substantially altered in lipids. Previous kinetic analysis yielded a pK a value for E14 of about 7.3, although a wider range was reported from a steady-state analysis (9) . The similar values of the pK a suggest that the conformational changes detected by EPR are involved in the antiport mechanism of EmrE.
Consistent with this conclusion, we found that the pH-induced distance changes in TM1 are primarily associated with the protonation of E14 (Fig. 5 and Fig. S3 ). Substitution of E14 with glutamine designed to mimic protonation abrogates the distance changes due to the shift from pH 8 to pH 5 in TM1 (e.g., residues 11, 15, and 20; Fig.  5, Fig. S4 , and SI Appendix 3, A). More importantly, the distributions at pH 8 in the E14Q background are similar to those at pH 5 in the WT, suggesting that the E14Q mimics protonation of E14.
In TM2, the E14Q substitution also attenuates the pH-dependent distance changes, but unlike TM1 the shape of the distribution at pH 5 is noticeably broader than in the WT background ( Fig. S4 and SI Appendix 3, B and C). To identify the residues involved in modifying the effects of E14 protonation, we introduced the D84N/ E25Q substitutions while monitoring selected sites (Fig. 5B, Fig. S4 , and SI Appendix 3). We observed an increase in disorder primarily for the pH 8 conformation and to a lesser extent the pH 5 conformation in this background. Consistent with a role for the protonation of these residues in the transport mechanism, we found that although E14Q substitution attenuated the distance changes in TM3, it also introduced a large degree of disorder reflected in the width of the distance distributions (e.g., I62; Fig. 5B, Fig. S4 , and SI Appendix 3, C and D). We interpret this result as reflecting the change in protonation state of D84 and E25. Importantly, conformational changes in loop 3 are primarily determined by the protonation of D84 rather than E14 (Fig. S4 and SI Appendix 3, D) , consistent with previous reports (17) . Together the data reveal that pH-induced structural changes, although primarily mediated by E14, are affected by other acidic residues such as D84.
Discussion
The results presented above reveal extensive, functionally relevant, conformational changes as a consequence of protonation/deprotonation of glutamate 14. Rotation and tilting of TM1-3, which together form the substrate/proton binding site, not only reconfigure access to the cavity but presumably modulate substrate affinity through reorientation of side chains. The interhelical loops emerge as central elements in this protonation switch, undergoing extensive repacking. The large, ligand-dependent distance changes cannot arise from the isoenergetic alternating access through simple conformational exchange of each protomer because the two resulting dimer structures are identical except for their orientation relative to the bilayer. Rather the distance changes reflect the population of novel conformations that are primarily stabilized by the binding/ dissociation and protonation/deprotonation of E14. In addition, the data uncovered a contribution of E25 and/or D84 to the conformational switch primarily through extensive repacking of loop 3. Finally, deprotonation and substrate release appear to induce a high level of disorder, suggesting large amplitude equilibrium fluctuations in multiple structural elements, notably TM3. However, structural interpretation of the distance distributions in this apo state is hindered by the breadth of these distributions.
To highlight the conformational changes induced by protonation in a structural context, we carried out detailed de novo modeling of the pH 5 conformation using BCL::Fold and Rosetta (22) (23) (24) (25) . The conformational search was restrained by the experimental distances at pH 5 (22, 23) . A twofold symmetry was imposed such that both protomers have similar conformations, in contrast to the crystal structure, where the two protomers have distinct conformations and form an asymmetric dimer. However, despite the extensive nature of the distance restraints and their coverage along the protein sequence, compatibility of the DEER data with an asymmetric dimer cannot be excluded-primarily due to the uncertainty in translation of measured distances between the spin labels into backbone structural restraints (23, 25) . However, as discussed below, we consider the asymmetric dimer to be less mechanistically plausible for the protonated state. The TPP-bound crystal structure was refined using MODELLER (26) restrained by the distances obtained in the TPP-bound conformation following a protocol introduced by Jeschke and coworkers (Fig. 6 and Figs. S5 and S6) (27) . To ensure that the spin label side chains were treated similarly in both models, the de novo pH 5 models were further refined using the MODELLER protocol (Fig. 6 and Figs. S5 and S6) .
The conformational changes gleaned from comparing these models suggest plausible and previously unappreciated mechanistic elements of EmrE transport (Fig. 6A and Figs. S5D and S6 ). The flexibility of TM1, presumably a consequence of the two consecutive glycines at positions 8 and 9, enables large-scale reconfiguration upon concurrent substrate dissociation and protonation of E14. Not only does the distance between the two TM1s increase (Fig. S6A) , but extensive rotation of the N-terminal part alters the side chain orientations in the substrate binding site (Fig. 6A) . The rearrangements of the backbone and side chains of TM1 and 3 may provide the mechanism to lower the affinity to substrate in conjunction with the competition by protons for binding to E14 (Fig. S5D) .
Although substrate access to the binding site is typically represented as occurring from the cytoplasm, a competing model posits that for hydrophobic substrates, such as those of EmrE, partitioning is likely to occur from the inner leaflet of the bilayer (28) . Consistent with this model, we observed that rotation/tilting of TM2 (Fig. 6A) swings open a gate consisting of Tyr-40 and Phe-44, thereby enabling direct access to and from the bilayer to the binding site. (Fig. S3) . The variation in population of rising (P 1 + P 2 + P 4 ) or equally decreasing (P 3 ) distance peaks (Middle panel) as a function of pH was used to estimate the pK a value for conformational changes in EmrE. (B) Effect of protonation-mimetic mutation of acidic residues on conformational states in equilibrium (β-DDM micelles). The single (E14Q) or double (E25Q/D84N) mutations were combined with the single-cysteine mutations (see Fig. S4 and SI Appendix 3). Substrate dissociation and protonation induces repacking of the N terminus of helix 3, which participates in the coordination of the substrate (Fig. 6A and Figs. S5 C and D and S6A ). In concordance with the conclusion from accessibility data (5), the C-terminal part of TM3 undergoes large amplitude movement coupled to extensive repacking of loop 3 ( Fig. 6A and Fig. S6 ). This movement is controlled by the protonation state of E25 and/ or D84, suggesting a degree of decoupling of this loop from the protonation state of E14.
How may these conformational changes enable coupled transport? Because of the high concentration of protons on the extracellular side, we envision that in the absence of substrate, E14 is protonated and the transporter is in the protonated conformation (corresponding to pH 5 here; Fig. 6B) . Measured values of E14's pK a would imply proton leakage unless the structure is protonoccluded, which for EmrE would require a symmetric conformation wherein E14 is not exposed to the pH of the cytoplasm. Therefore, we propose that the protonated conformation does not undergo the isoenergetic alternating access and thus is symmetric, as shown in Fig. 6B . Substrate binding to this conformation, which occurs from the inner leaflet of the bilayer through the TM2 fenestration, releases the two protons by stabilizing the asymmetric TPP-bound conformation. Through its isoenergetic alternating access (6, 11) , this state exposes the substrate to the extracellular milieu, at which point protons displace the substrate, enabling a new cycle of transport (Fig. 6B ).
Methods
Mutagenesis, Expression, Purification, Labeling, and Reconstitution of EmrE. This study uses the previously generated constructs of single cysteine mutants of EmrE (5) . Specific functional regions of EmrE, including residues in the GG7 dimerization motif, located in TM4, were excluded from the analysis. Further functional mutants (E14Q, E25Q, D84N, E25Q/D84N) were introduced on the same constructs using site-directed mutagenesis. EmrE mutants were expressed, purified in 1.5% (wt/vol) β-DDM, and spin-labeled using the same protocol as previously described (5) . Purified EmrE was concentrated with Amicon Ultra-10 kDa centrifugal filter units (Millipore). Samples for DEER spectroscopy were prepared in the 100-200 μM protein concentration range. A final concentration of glycerol of 30% (wt/vol) was used in all samples as a cryoprotectant. The TPP-bound state was obtained by addition of sixfold molar excess of the substrate TPP. For pH 5 and apo pH 8 states, respectively, a calibrated volume of 1 N HCl or 1 N NaOH was added to samples in EmrE size exclusion chromatography buffer (50 mM sodium phosphate monobasic, 50 mM NaCl, 0.02% β-DDM, and 0.02% NaN3, pH 7.2). For pH titration experiments, an Orion 9810BN micro pH electrode (Thermo Scientific) was used to adjust the pH values. See SI Methods for reconstitution of EmrE in nanodiscs (29) .
CW-EPR and DEER Spectroscopy. For CW-EPR, spin-labeled EmrE samples were loaded in capillaries, and spectra were collected on a Bruker EMX spectrometer using a 10-mW microwave power level and a modulation amplitude of 1.6 G. DEER spectroscopy was performed on an Elexsys E580 EPR spectrometer (Super QFT bridge with ELDOR; Bruker) operating at Q-band frequency (33.9 GHz) with the dead-time free four-pulse sequence at 83 K (13) . Primary DEER decays were analyzed using home-written software operating in the Matlab environment (29) . Briefly, the software carries out global analysis of the DEER decays obtained under different conditions for the same spin-labeled position. The distance distribution is assumed to consist of a sum of Gaussians, the number of which is determined based on a statistical criterion.
Refinement of X-Ray Structure and Modeling the EmrE Structure at pH 5. The X-ray structure of EmrE in a TPP-bound state (PDB ID code 3B5D) was refined in several iterations using MODELLER version 9.10 (26). A previously built complete atomistic model of dimeric EmrE was used (5) . In silico spin labeling of the protein structure using a rotamer library approach was performed using the MMM 2013.2 software package (27) . See SI Methods for more details on refinement using MODELLER. The stereochemical quality of the generated models was evaluated using PROCHECK (Table S1 ) (30) .
The initial model of the EmrE structure at pH 5 was predicted by a two-step approach using BCL::Fold (22, 23) to assemble the secondary structure elements (SSEs) in 3D space and Rosetta (24, 25) to construct loop regions and predict sidechain conformations. See SI Methods for more details on BCL/Rosetta modeling. The generated models using this approach were further refined in MODELLER.
